Abstract: This paper presents a novel design for a two-element stub-loaded dipole array antenna. The purpose is to obtain the decoupling and orthogonal polarization characteristics using a small antenna configuration. A quarterwavelength stub loaded on one side of the two elements is operated as a phase shifter to create the opposite phase of current distribution. Moreover, the quarter-wavelength stub works as an orthogonal dipole antenna because the in-phase currents are enhanced on the stub, leading to orthogonal directivity. The results show that well-defined isolation and orthogonal polarization directivity can be achieved using the proposed antenna.
Introduction
The multiple-input multiple-output (MIMO) technique was investigated to realize ultra-high-speed and high-capacity mobile communications [1] . The polarized-MIMO enhances the channel capacity more effectively compared with the space-MIMO because of the low correlation between the antenna elements owing to space orthogonality [2] . However, an orthogonally arranged antenna configuration is disadvantageous for multi-element compactness because of its large size. Therefore, miniaturizing the antenna is indispensable [3] . This paper presents a novel design for a two-element stub-loaded dipole array antenna (SLDA). The feature of this proposal is that it realizes the orthogonal polarization and decoupling characteristics simultaneously using a small antenna configuration [4] . The current distribution on the stub generates the radiation pattern using the common mode, whereas the nonradiation element of the stubloaded dipole produces well-defined isolation by using the opposite phase. The analytical and measured results confirm that well-defined isolation and orthogonal polarization directivity of SLDA can be achieved.
Operating principle of two-element stub-loaded dipole array
The stub structure is generally used to eliminate the undesired current component as the parallel elements of the stub are nonradiation elements because of the opposite phase mode [5] . We propose operating a stub as a radiation element with a common mode in this paper in order to obtain orthogonal directivity. Fig. 1 shows the operating principle of the two-element SLDA antenna for realizing the orthogonal polarization and decoupling characteristics simultaneously. Fig. 1(a) shows the current distribution of a two-element SLDA to illustrate the orthogonal polarization directivity. The SLDA comprises two parallel dipole antennas, in which one of the elements is loaded with a quarter-wavelength stub for creating the opposite phase of the current distribution as a phase shifter.
When the stub-loaded element (Port 1) is excited, the opposite phase of the current distribution is created with the same amplitude (I 1 and ÀI 1 ) on Element 1. Thus, Element 1 is a nonradiation element because the currents cancel each other. In this case, the radiation pattern is similar to that generated by a horizontal dipole antenna because the in-phase currents I 3 flowing on the Element Stub are enhanced by each other. On the other hand, when the dipole element (Port 2) is excited, the current of Element 2 (I 2 ) is created. Consequently, the SLDA in Fig. 1(a) can be treated as two orthogonally arranged dipoles, resulting in orthogonal polarization directivity contributed by the current I 3 on Element Stub and I 2 on Element 2. Fig. 1(b) shows the decoupling mechanism based on the current distribution of the SLDA in Fig. 1(a) . In Fig. 1(b) , the separated dipole units on the right side correspond to Element 1, whereas the single dipole on the left side represents Element 2. Eqs. (1) and (2) show the matrices of the two dipoles (Element 1 and Element 2) between the voltage V 1 to V 2 , or ÀV 1 to V 2 .
Eq. (3) is obtained by transforming the plus and minus signs in Eq. (2).
The self-impedance and mutual impedance can be obtained by comparing Eqs. (1) and (3) as shown below, respectively.
The self-impedance in Eq. (4) has the same magnitude. The mutual impedance in Eq. (5) has the same magnitude and opposite sign. Therefore, the total mutual impedance Z T 12 is zero, as expressed by the following equation.
The isolation S 12 depending on the Z parameter is defined in [6] as follows:
where Z 0 is the load impedance, and Z 11 and Z 22 are the self-impedances. S 12 can be calculated as zero because Z T 12 in Eq. (7) is zero, resulting in a high isolation in theory.
The orthogonal polarization directivity and decoupling characteristics can be simultaneously realized based on the two above-mentioned principles using two linear elements instead of a complicated structure.
3 Design process of two-element stub-loaded dipole array
The simulation of a two-element SLDA was performed on the commercial EM solver FEKO [7] based on the principles illustrated in Fig. 1. Fig. 2(a) shows the analytical model. It is designed to operate at a frequency of 2 GHz. The length of the dipole antenna is 7.5 cm (=2 at 2 GHz). The purpose of this simulation is to determine the optimum dimension of the SLDA, including the stub length L and element separation d, as shown in Fig. 2(a) . The separation of Element Stub is 2 mm. The element radius is 0.5 mm. Fig. 2(b) shows the isolation characteristics between Ports 1 and 2 for different element separations d as a function of the phase difference. The phase difference Á, which depends on the stub length L, can be calculated by the following equation.
In Fig. 2(b) , the red, blue, and black lines show the cases in which the values of element separation d are 5 mm, 10 mm, and 20 mm, respectively.
In Fig. 2(b) , the current flowing on the stub-loaded element has a distribution opposite to that on the dipole element when the length of the stub is L ¼ =4 (Á ¼ ), which is equal to that on an orthogonal dipole array antenna. Therefore, an isolation greater than 30 dB can be achieved at 2 GHz regardless of the antenna separation d. As shown in Fig. 2(b) , a high isolation of −32.5 dB is achieved when the separation d is 5 mm (0:03 at 2 GHz).
On the other hand, the current flowing on the stub-loaded element has the same distribution as that on the dipole element when
, which equals that on the parallel dipole array antenna. Thus, the currents of the two elements enhance each other, which eventually degrades the isolation performance compared with that when L ¼ =4.
The optimum dimension of the SLDA is determined at L ¼ =4 and d ¼ 5 mm based on the simulation result shown in Fig. 2(b) . Fig. 3(a) shows the measurement setup of the two-element SLDA. As a preliminary experiment, the dipole antenna with a feed structure of balun is used. Since the balun is the additional part compared with the analytical model, they are orthog- onally-arranged along Àx and Ày-axis, respectively, in order to reduce the undesired electromagnetic impact on radiation elements. The length of the stub is 3.75 cm (¼ =4 at 2 GHz). The element separation d between two elements is 5 mm. Fig. 3(b) shows the measured impedance characteristics of the SLDA. When the specific port is excited, the other port is terminated with 50 Ω. In Fig. 3(b) , the red line shows the result of the stub-loaded element (Port 1) and the blue line shows that of the dipole (Port 2). As shown in Fig. 3(b) , the impedance of Ports 1 and 2 at 2 GHz is 79:4 þ j0:2 Ω and 92:6 À j21:9 Ω, respectively. Therefore, the VSWR of the two elements are less than 2.5, indicating that there is no significant impedance mismatch when the stub is loaded. Fig. 3(c) shows the S 21 characteristic of the SLDA. The red lines show the proposed SLDA whereas the blue lines show the two-element vertical dipole array designed at 2 GHz. The solid and broken lines indicate the measured and analytical results, respectively. As shown in Fig. 3(c) , the SLDA can achieve an improvement of 23 dB in the isolation at 2 GHz compared with the result obtained using the dipole array antenna. Fig. 3(d) shows the radiation characteristics considering the mismatch loss. The solid and broken lines indicate the measured and analytical results, respectively. The blue line shows the E -component and the red line indicates E -component.
Measurement results
In Fig. 3(d) , an eight-figure radiation pattern with the E -and E -components in the zy-and xy-planes, respectively, can be observed when Port 1 is excited, whereas an omnidirectional radiation pattern with the E -component is obtained in the zx-plane. Therefore, the radiation pattern of Port 1 is similar to a horizontal dipole arranged along the y-axis. When Port 2 is excited, the radiation pattern is similar to that of a vertical dipole arranged along the z-axis. These features indicate that the proposed SLDA can realize the orthogonal polarization directivity.
In Fig. 3(d) , the measurement results of the main polarization agree well with the analytical results in all the planes. However, undesired polarization directivity is observed. This phenomenon can be attributed to the electromagnetic coupling between the element and the balun, and the radiation of the unnecessary current caused by the difference in element length.
Conclusion
This paper presents a design example of two-element SLDA. The measured and analytical results show that well-defined isolation and orthogonal polarization directivity can be simultaneously realized with a small antenna configuration using the proposed SLDA. As a future work, we are developing a practical antenna with low-profile based on the design principle presented in this paper.
